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Best Example of Planetary Systems

All the planets (except Mercury) are 
in the circular (e < 0.1), coplanar (i ~ 6 degree) 

orbit

               0.06MEarth



“Classical” Picture
e.g., Hayashi 1981

Natural outcome 
of star formation

Minimum-mass
Solar nebula

In-situ formation

Dynamically 
inactive



the First Detection of
an Extra Solar Planet
about 20 years ago



the First Detection of
an Extra Solar Planet
about 20 years ago

Semimajor axis is 0.05!!! (cf. that of Mercury is 0.4 au) 



Exoplanetary Populations
e.g.,  Winn & Fabrycky 2015 for a review



Exoplanetary Populations
e.g.,  Winn & Fabrycky 2015 for a review

Hot Jupiters

Exo-Jupiters

Low-mass Planets 
(Super-Earths)

: more (~ 10 - 20 %)

: dominant (> 50 %)

: rare (~ 1 %)
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Natural outcome 
of star formation

Minimum-mass
Solar nebula

In-situ formation

Dynamically 
inactive

New Picture

New Disk model:
Disk evolution,

Spatial distribution 
of gas and dust

New Planet 
Formation Model:
Solar system planets

vs
Exoplanets

Statistical Approach:
Exoplanet population

Disk model

???

???
???



New Disk Model

Composition of planets

Retrieval approach



Composition of planets

Retrieval approach

New Disk Model



Magnetically Induced Disk Winds 
and Transport in the HL Tau Disk

in collaboration with
Satoshi Okuzumi (TokyoTech), Mario Flock (MPIA), Neal Turner (JPL)



Canonical View of Protoplanetary Disks
e.g., Hayashi 1981

The Eagle Nebula
(d ~ 2000 pc)

NIR image of 
Hubble Space Telescope 

Molecular Clouds

Gravitational 
collapse

Circumstellar Disks1 pc = 3⇥ 1018cm



e.g., Hayashi 1981

Mdisk ⇠ 10�2M�

⌧disk ⇠ 106 � 107yr
(: ~ 99% of gas and ~ 1% of dust)

Disks are turbulent 
possibly by magnetic fields

Canonical View of Protoplanetary Disks
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Mdisk ⇠ 10�2M�

⌧disk ⇠ 106 � 107yr

At 1 au,

cf) the atmosphere of the Earth,
At 1 bar,

(: ~ 99% of gas and ~ 1% of dust)
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e.g., Hayashi 1981

10 -100 Myr

Mdisk ⇠ 10�2M�

⌧disk ⇠ 106 � 107yr

At 1 au,

cf) the atmosphere of the Earth,
At 1 bar,

Gillon et al 2017

(: ~ 99% of gas and ~ 1% of dust)

n ⇠ 1014cm�3

T ⇠ 300K

n ⇠ 1019cm�3

Canonical View of Protoplanetary Disks

Disks are turbulent 
possibly by magnetic fields



HL Tau : a Class I/II YSO
           :  ~140 pc (< 1 Myrs)

The origin of observed gaps is not identified yet!!

Astonishing ALMA Images of HL Tau 
ALMA Partnership et al 2015,
also see Akiyama YH et al 2016

Nearly concentric 
multiple gaps in 
the dust thermal emission

Potential signature of 
planet formation

Kwon et al 2011



Disk accretion rate 
Hayashi et al 1993, Beck et al 2010 

=> can be explained by MRI and MHD turbulence

Global diffusion coefficient : 

' 10�7 � 10�6 M� yr�1

↵GL ' 10�2 � 10�1

ALMA Band 6+7

Global Properties of the HL Tau Disk

ALMA Partnership et al 2015
also see Akiyama et al 2016



Disk accretion rate 
Hayashi et al 1993, Beck et al 2010 

=> can be explained by MRI and MHD turbulence

Global diffusion coefficient : 

' 10�7 � 10�6 M� yr�1

↵GL ' 10�2 � 10�1

ALMA Band 6+7 No Dust Settling w/  Dust Settling

Vertical dust height: ~1au at r =100 au 
Local diffusion coefficient: 

Global Properties of the HL Tau Disk

Pinte et al 2016 ↵LC ⇠ 10�4
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1)How does the HL Tau disk 
keep a high disk accretion rate

without exciting local turbulence??

2) Why can the HL Tau disk avoid GI??



Magnetically Driven Disk Accretion
e.g., Armitage et al 2011, Bai & Stone 2013, Turner et al 2014, Suzuki et al 2016 

Magnetized Turbulence

Flock et al 2015

Magnetically Induced
Disk Winds

Simon et al 2013

B-fields

Weak Strong



B-fields

Weak Strong

Turbulence + Winds
Turbulence only

Simulation results from Simon et al 2013, Zhu et al 2015 are used

↵D : vertical mixing of dust
Hasegawa et al 2017

�0
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: the plasma beta



Turbulence + Winds
Turbulence only

Given that

Ṁ,
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<latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit><latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit><latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit>

B-fields

2. Dust height

1. Gas surface density



Turbulence + Winds
Turbulence only

Given that

Ṁ,
<latexit sha1_base64="jPRZ3qSDxzzfpqHxQ1IuDphVABY=">AAAB7nicjVDLSgMxFL3js9ZX1aWbYBFcSJmKoO6KbtwIFRxbaIeSSTNtaCYZkztCGfoTblyouPV73Pk3po+FioIHAodz7uHenCiVwqLvf3hz8wuLS8uFleLq2vrGZmlr+9bqzDAeMC21aUbUcikUD1Cg5M3UcJpEkjeiwcXYb9xzY4VWNzhMeZjQnhKxYBSd1Gx3NeZXo8NOqVyt+BOQv0kZZqh3Su8uyrKEK2SSWtuq+imGOTUomOSjYjuzPKVsQHu85aiiCbdhPrl3RPad0iWxNu4pJBP1ayKnibXDJHKTCcW+/emNxd+8VobxaZgLlWbIFZsuijNJUJPx50lXGM5QDh2hzAh3K2F9aihDV1HxfyUER5Wzin99XK6dz9oowC7swQFU4QRqcAl1CICBhAd4gmfvznv0XrzX6eicN8vswDd4b59YjI+0</latexit><latexit sha1_base64="jPRZ3qSDxzzfpqHxQ1IuDphVABY=">AAAB7nicjVDLSgMxFL3js9ZX1aWbYBFcSJmKoO6KbtwIFRxbaIeSSTNtaCYZkztCGfoTblyouPV73Pk3po+FioIHAodz7uHenCiVwqLvf3hz8wuLS8uFleLq2vrGZmlr+9bqzDAeMC21aUbUcikUD1Cg5M3UcJpEkjeiwcXYb9xzY4VWNzhMeZjQnhKxYBSd1Gx3NeZXo8NOqVyt+BOQv0kZZqh3Su8uyrKEK2SSWtuq+imGOTUomOSjYjuzPKVsQHu85aiiCbdhPrl3RPad0iWxNu4pJBP1ayKnibXDJHKTCcW+/emNxd+8VobxaZgLlWbIFZsuijNJUJPx50lXGM5QDh2hzAh3K2F9aihDV1HxfyUER5Wzin99XK6dz9oowC7swQFU4QRqcAl1CICBhAd4gmfvznv0XrzX6eicN8vswDd4b59YjI+0</latexit><latexit sha1_base64="jPRZ3qSDxzzfpqHxQ1IuDphVABY=">AAAB7nicjVDLSgMxFL3js9ZX1aWbYBFcSJmKoO6KbtwIFRxbaIeSSTNtaCYZkztCGfoTblyouPV73Pk3po+FioIHAodz7uHenCiVwqLvf3hz8wuLS8uFleLq2vrGZmlr+9bqzDAeMC21aUbUcikUD1Cg5M3UcJpEkjeiwcXYb9xzY4VWNzhMeZjQnhKxYBSd1Gx3NeZXo8NOqVyt+BOQv0kZZqh3Su8uyrKEK2SSWtuq+imGOTUomOSjYjuzPKVsQHu85aiiCbdhPrl3RPad0iWxNu4pJBP1ayKnibXDJHKTCcW+/emNxd+8VobxaZgLlWbIFZsuijNJUJPx50lXGM5QDh2hzAh3K2F9aihDV1HxfyUER5Wzin99XK6dz9oowC7swQFU4QRqcAl1CICBhAd4gmfvznv0XrzX6eicN8vswDd4b59YjI+0</latexit>

c2s (/ Td),
<latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit><latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit><latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit>

⌦(/
p
M⇤)

<latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit><latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit><latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit>

B-fields

2. Dust height

1. Gas surface density

⌃g =
Ṁ⌦

3⇡↵GLc2s
<latexit sha1_base64="5zYzL3pNyj8mzLhVg7bPxbRFX08="></latexit><latexit sha1_base64="5zYzL3pNyj8mzLhVg7bPxbRFX08="></latexit><latexit sha1_base64="5zYzL3pNyj8mzLhVg7bPxbRFX08="></latexit>



Turbulence + Winds ⌃g =
Ṁ⌦

3⇡↵GLc2s
<latexit sha1_base64="5zYzL3pNyj8mzLhVg7bPxbRFX08="></latexit><latexit sha1_base64="5zYzL3pNyj8mzLhVg7bPxbRFX08="></latexit><latexit sha1_base64="5zYzL3pNyj8mzLhVg7bPxbRFX08="></latexit>

Turbulence only

Given that

Ṁ,
<latexit sha1_base64="jPRZ3qSDxzzfpqHxQ1IuDphVABY=">AAAB7nicjVDLSgMxFL3js9ZX1aWbYBFcSJmKoO6KbtwIFRxbaIeSSTNtaCYZkztCGfoTblyouPV73Pk3po+FioIHAodz7uHenCiVwqLvf3hz8wuLS8uFleLq2vrGZmlr+9bqzDAeMC21aUbUcikUD1Cg5M3UcJpEkjeiwcXYb9xzY4VWNzhMeZjQnhKxYBSd1Gx3NeZXo8NOqVyt+BOQv0kZZqh3Su8uyrKEK2SSWtuq+imGOTUomOSjYjuzPKVsQHu85aiiCbdhPrl3RPad0iWxNu4pJBP1ayKnibXDJHKTCcW+/emNxd+8VobxaZgLlWbIFZsuijNJUJPx50lXGM5QDh2hzAh3K2F9aihDV1HxfyUER5Wzin99XK6dz9oowC7swQFU4QRqcAl1CICBhAd4gmfvznv0XrzX6eicN8vswDd4b59YjI+0</latexit><latexit sha1_base64="jPRZ3qSDxzzfpqHxQ1IuDphVABY=">AAAB7nicjVDLSgMxFL3js9ZX1aWbYBFcSJmKoO6KbtwIFRxbaIeSSTNtaCYZkztCGfoTblyouPV73Pk3po+FioIHAodz7uHenCiVwqLvf3hz8wuLS8uFleLq2vrGZmlr+9bqzDAeMC21aUbUcikUD1Cg5M3UcJpEkjeiwcXYb9xzY4VWNzhMeZjQnhKxYBSd1Gx3NeZXo8NOqVyt+BOQv0kZZqh3Su8uyrKEK2SSWtuq+imGOTUomOSjYjuzPKVsQHu85aiiCbdhPrl3RPad0iWxNu4pJBP1ayKnibXDJHKTCcW+/emNxd+8VobxaZgLlWbIFZsuijNJUJPx50lXGM5QDh2hzAh3K2F9aihDV1HxfyUER5Wzin99XK6dz9oowC7swQFU4QRqcAl1CICBhAd4gmfvznv0XrzX6eicN8vswDd4b59YjI+0</latexit><latexit sha1_base64="jPRZ3qSDxzzfpqHxQ1IuDphVABY=">AAAB7nicjVDLSgMxFL3js9ZX1aWbYBFcSJmKoO6KbtwIFRxbaIeSSTNtaCYZkztCGfoTblyouPV73Pk3po+FioIHAodz7uHenCiVwqLvf3hz8wuLS8uFleLq2vrGZmlr+9bqzDAeMC21aUbUcikUD1Cg5M3UcJpEkjeiwcXYb9xzY4VWNzhMeZjQnhKxYBSd1Gx3NeZXo8NOqVyt+BOQv0kZZqh3Su8uyrKEK2SSWtuq+imGOTUomOSjYjuzPKVsQHu85aiiCbdhPrl3RPad0iWxNu4pJBP1ayKnibXDJHKTCcW+/emNxd+8VobxaZgLlWbIFZsuijNJUJPx50lXGM5QDh2hzAh3K2F9aihDV1HxfyUER5Wzin99XK6dz9oowC7swQFU4QRqcAl1CICBhAd4gmfvznv0XrzX6eicN8vswDd4b59YjI+0</latexit>

c2s (/ Td),
<latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit><latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit><latexit sha1_base64="CwowRCCegf4WrMfCbvE/D6Bxmv0=">AAACAnicjVDLSgMxFM34rPU16k43wSJUkDItgrorunFZoWMLnXHIZNI2NMmEJCOUoeDGX3HjQsWtX+HOvzF9LFQUPHDhcM693HtPLBnVxvM+nLn5hcWl5cJKcXVtfWPT3dq+1mmmMPFxylLVjpEmjAriG2oYaUtFEI8ZacWDi7HfuiVK01Q0zVCSkKOeoF2KkbFS5O7iKA8Uh3p0U4PlQKpUmhQ2o+TwKHJL1Yo3AfyblMAMjch9D5IUZ5wIgxnSulP1pAlzpAzFjIyKQaaJRHiAeqRjqUCc6DCf/DCCB1ZJYDdVtoSBE/XrRI641kMe206OTF//9Mbib14nM93TMKdCZoYIPF3UzRi0b44DgQlVBBs2tARhRe2tEPeRQtjY2Ir/C8GvVc4q3tVxqX4+S6MA9sA+KIMqOAF1cAkawAcY3IEH8ASenXvn0XlxXqetc85sZgd8g/P2Cav2lnE=</latexit>

⌦(/
p
M⇤)

<latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit><latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit><latexit sha1_base64="t0asmWR1Z2FePNUwh1TwfXH0C6I=">AAACBXicjVDLSsNAFJ34rPUVdSnCYBGqi5KKoO6KbtyIFYwtNCFMppN26DzizEQooSs3/oobFypu/Qd3/o3Tx0JFwQMXDufcy733xCmj2njehzM1PTM7N19YKC4uLa+sumvr11pmChMfSyZVM0aaMCqIb6hhpJkqgnjMSCPunQ79xi1RmkpxZfopCTnqCJpQjIyVIncruOCkg2A5SJVMjYSBvlEmh+fRHhzsRm6pWvFGgH+TEpigHrnvQVvijBNhMENat6peasIcKUMxI4NikGmSItxDHdKyVCBOdJiP3hjAHau0YSKVLWHgSP06kSOudZ/HtpMj09U/vaH4m9fKTHIU5lSkmSECjxclGYP23WEmsE0VwYb1LUFYUXsrxF2kEDY2ueL/QvD3K8cV7/KgVDuZpFEAm2AblEEVHIIaOAN14AMM7sADeALPzr3z6Lw4r+PWKWcyswG+wXn7BOhQl60=</latexit>

2. Dust height

Hd =

✓
1 +

St

↵D

◆�1/2

Hg
<latexit sha1_base64="Vm5VmYuXnW4c14dhFFWw6djUkXc="></latexit><latexit sha1_base64="Vm5VmYuXnW4c14dhFFWw6djUkXc="></latexit><latexit sha1_base64="Vm5VmYuXnW4c14dhFFWw6djUkXc="></latexit>
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B-fields

1. Gas surface density



Ex) Resulting Disk Structures with Disk Winds

B-fields
B-fields

As B-fields are stronger,
surface density decreases

due to disk winds

Dust scale heights are
independent of B-fields

Results are obtained for given values of disk accretion rate, disk temperature



Ex) Resulting Disk Structures with Disk Winds

B-fields
B-fields

As B-fields are stronger,
surface density decreases

due to disk winds

Dust scale heights are
independent of B-fields

Results are obtained for given values of disk accretion rate, disk temperature

Focus on the HL Tau disk
Inversely solve the problem

1. Find      with which                 2. Find     with which         
       marginally avoids GI               the dust size satisfies
                                                   
⌃g
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Hd = 1 au
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Turbulence only Turbulence + Winds

Results at r = 100 au

Results are obtained for given values of disk accretion rate, disk temperature



Q=Q=

GI unstable

Results at r = 100 au

Results are obtained for given values of disk accretion rate, disk temperature

B-fields

⌃g

B-fields

Turbulence only Turbulence + Winds



Q=Q=

GI unstable

Results at r = 100 au

Results are obtained for given values of disk accretion rate, disk temperature

B-fields

⌃g

Thick dusty 
layer

Turbulence only Turbulence + Winds

B-fields



Q=Q=

GI unstable

20 mm-sized dust is needed
to reproduce ALMA image  

Q= Q= Q=

4 mm-sized dust is needed
to reproduce ALMA image 

Smaller

Results are obtained for given values of disk accretion rate, disk temperature

B-fields B-fields

⌃g ⌃g

↵
due to winds

Results at r = 100 au

Thick dusty 
layer

Turbulence only Turbulence + Winds



Resulting Global Structure of the HL Tau Disk

Disk winds transport the most of angular momentum  
(50-80 %) across the entire region of the disk

The gas-to-dust rate varies along the distance from the star
(lower in the inner region & higher in the outer region)



Next Step

B-fields Dust
Size

JVLA
Data

Turbulence

Kataoka et al 2017, Stephens et al 2017

PolarizationOrigin of dust gaps

ALMA Partnership et al 2015
also see Akiyama et al 2016



Summary
• ALMA observations of the HL Tau disk can advance our 

understanding of disk evolution

• Subsequent radiative transfer modeling suggests a higher 
degree of dust settling for the actively accreting disk

• Developed the simple, semi-analytical model, taking into 
account magnetically induced disk winds

• Our results indicate the importance of magnetically 
induced disk winds to fully reproduce the global 
configuration

• Followup work will be performed to obtain a better 
understanding of polarization observations and to identify 
the origins of observed multiple gaps in the HL Tau disk

Hasegawa et al 2017, ApJ, 845, 31 



Close-in Giant Planets via In-situ Gas Accretion 
& Their Natal Disk Properties

Santerne et al 2016

in collaboration with 
Mathew Yu (UCLA) and Brad Hansen (UCLA)



Exoplanetary Populations
e.g.,  Winn & Fabrycky 2015 for a review

Hot Jupiters

Exo-Jupiters

Low-mass Planets 
(Super-Earths)

: more (~ 10 - 20 %)

: dominant (> 50 %)

: rare (~ 1 %)



How to form 
close-in gas giants?

Santerne et al 2016



How to form 
close-in gas giants?

Santerne et al 2016

Dawson & Johnson 2018



How to form 
close-in gas giants?

Santerne et al 2016

Dawson & Johnson 2018

Derive some observables 
(e.g., the gas surface density) 

from 
the observed occurrence rate 

distribution under 
the in-situ gas accretion scenario



In-situ gas accretion IS possible
in the vicinity of the central star 

e.g., Bodenheimer et al 2000, Batygin et al 2016

T=1500K
r ~ 0.03 au



Basic Hypothesis:  
the occurrence rate ~ gas accretion onto planets



Basic Hypothesis:  
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Basic Hypothesis:  
the occurrence rate ~ gas accretion onto planets

Gas accretion
Kelvin-Helmholtz contraction

Disk-limited accretion

Tanigawa & Ikoma 2007
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Accretion through gas gaps



Steady State Disk Accretion Model 

Ruden & Lin 1986
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Disk accretion rate:

Turbulent viscosity:

Disk temperature:

Shakura & Sunyaev 1973

Opacity:
The metal grain case

The case of evaporation   
 of metal grains
                Bell et al 1997
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Results: Disk Properties 

The sublimation case is well represented by the isothermal case

The metal grain case is well represented by the flat disk case

Gas surface density increases with increasing the distance from 
the central star (cf. Minimum-mass solar nebula             )/ r�3/2
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Results: Disk Properties 

The sublimation case is well represented by the isothermal case

The metal grain case is well represented by the flat disk case

The effective alpha is inversely proportional to 
the gas surface density, as expected



Results: Magnetic Field Profiles from 

Salvesen et al 2016

Bai 2013
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Stellar dipole fields Large-scale disk fields

Implications 

Okuzumi et al 2014
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Summary

• The origin of close-in giant planets is still unclear

• The occurrence rate distribution has some intriguing 
structure

• Developed the simple, semi-analytical model under the 
hypothesis that the occurrence rate distribution may 
reflect gas accretion rates onto protoplanets

• The gas surface density increases with increasing the 
distance from the central star (cf. MMSN model)

• The occurrence rate distribution may trace the magnetic 
field profile - stellar dipole fields dominate at r < 0.1 au 
and the large scale field may be important at r > 0.1 au

Hasegawa et al, 2019b, submitted



Summary

• Planet formation is the long journey from small dust grains 
to large planets

• A number of important advances in planet formation 
thanks to astonishing observations

• As examples, theoretical modeling of the HL Tau disk, the 
origin of heavy elements in observed exoplanets, and the 
origin of close-in planets via in-situ gas accretion are 
discussed

• further synergies between planetary and exoplanetary 
sciences will be undertaken to draw a better picture of 
planet formation and examine the origin of the solar and 
extrasolar planetary systems


